Among various in vivo energy sources in the body, the motion of the heart is particularly compelling, and is of interest for cardiac energy harvesting and further powering implantable biomedical devices. For example, implantable triboelectric nanogenerators (iTENG) have been employed to make use of heart beats to power wireless communication for real-time cardiac monitoring. [14] In another application, iTENG converted the mechanical energy from the contraction from breathing of a rat into electricity to further power a pacemaker. [19] Moreover, in vivo piezoelectric based energy harvesting devices have been conducted intensively to power implanted biomedical devices. For instance, a single crystalline (1 − x) Pb (Mg 1/3 Nb 2/3) O 3 − xPbTiO 3 (PMN-PT) was implanted into the heart of a live rat to show functional electrical stimulation of the heart. [15] Heartbeats of pigs were used to power wireless communication Self-sustainable energy generation represents a new frontier to significantly extend the lifetime and effectiveness of implantable biomedical devices. In this work, a piezoelectric energy harvester design is employed to utilize the bending of the lead of a cardiac pacemaker or defibrillator for generating electrical energy with minimal risk of interfering with cardiovascular functions. The proposed energy harvester combines flexible porous polyvinylidene fluoride-trifluoroethylene thin film with a buckled beam array design for potentially harvesting energy from cardiac motion. Systematic in vitro experimental evaluations are performed by considering complex parameters in practical implementations. Under various mechanical inputs and boundary conditions, the maximum electrical output of this energy harvester yields an open circuit voltage (peak to peak) of 4.5 V and a short circuit current (peak to peak) of 200 nA, and that energy is sufficient to self-power a typical pacemaker for 1 d. A peak power output of 49 nW is delivered at an optimal resistor load of 50 MΩ. The scalability of the design is also discussed, and the reported results demonstrate the energy harvester's capability of providing significant electrical energy directly from the motions of pacemaker leads, suggesting a paradigm for biomedical energy harvesting in vivo.
Introduction
There is an increasing progress being made in the development of implanted biomedical devices since they directly affect the lives and safety of humanity. For example, cardiac pacemakers and automated implantable cardioverter defibrillator (AICDs) are effective means for treatments of arrhythmias, ventricular dysrhythmias, and congestive heart failure. [1, 2] Advancements www.advmattechnol.de systems, [16] of which the integration with energy harvesters would allow for further implementation into biomedical devices. In addition, a nonlinear energy harvesting device using the induced magnetic forces was designed to power pacemakers from the heartbeat. [17] However, the rigid brass substrate and the use of magnets may not be favorable especially in implantable biomedical devices in practice. In addition, nanogenerators using ZnO nanowires opened new venues for the design of flexible energy harvesting devices, [20] [21] [22] which can harvest and convert nanoscale mechanical energy into electrical energy. Recently, a flexible lead zirconate titanate energy harvesting system was presented to harvest energy from motions of the heart and lungs. [18] In that work, the energy harvesting devices were sutured onto the epicardium. While no detectable change in cardiac contraction or epicardia motion was found, the procedure of suturing such devices onto the heart inevitably introduces potential risks.
There is a lack of promising technologies which can effectively covert the mechanical energy of the heart to electrical energy while imposing minimal risks of interfering with cardiovascular functions. This work is an interdisciplinary approach, combining thin-film energy conversion materials development with the mechanical design of a buckled beam array, to harness the mechanical energy from the lead of a cardiac pacemaker or AICD toward conversion into an electrical power for implantable biomedical devices. From the material perspective, by leveraging the properties of a polymer-based piezoelectric material of polyvinylidene fluoride-trifluoroethylene (PVDF-TrFE), the piezoelectric output has been enhanced by three folds through the optimization of PVDF-TrFE porous structure and electromechanical coupling efficiency compared with solid PVDF-TrFE thin films. [23, 24] More recently, a kirigami PVDF film was proposed to exhibit an extended strain range while still maintaining significant voltage generation compared with films without cuts. [25] In addition, the excellent biocompatibility of the material of PVDF has been verified through previous in vivo studies. [26] Therefore, we aim to develop a porous PVDFTrFE thin film based energy harvester to covert the mechanical energy from the motion of the lead of cardiac pacemaker or AICD into electrical energy. This design couples with the existing pacemaker lead, and thus does not introduce additional loads on the heart and hence will be (or close to) minimally invasive. Such energy harvesting devices will ultimately remove the need for additional surgeries in order to replace the existing toxic batteries for pacemakers. Moreover, the proposed energy harvesting strategy could provide a broader power solution to other implantable biomedical devices.
Results and Discussions
A schematic diagram ( Figure 1A) shows the concept of an energy harvesting strategy using flexible piezoelectric buckled beams within a soft tube. This energy harvesting device is mounting on a pacemaker lead within human cardiovascular system, and ultimately charges the battery of the pacemaker. By utilizing the bending energy of the pacemaker lead, the encapsulated piezoelectric buckled beams deform through the contact pressing by the lead, and thus generate electrical energy (Movie S1, Supporting Information).
Since the AICD lead moves with the motion of the heart during the cardiac cycle, the energy harvester has complex motion, from which two major motions result in electrical output including: 1) vibration of the piezoelectric buckled beams and 2) bending motion via pressing by the pacemaker lead. To determine the voltage output generated from the piezoelectric buckled beams due to the vibrational motion alone, the entire wrapped energy harvesting device was attached on the outer surface of the soft tube (Movie S2, Supporting Information). On the other hand, the electrical energy due to the www.advmattechnol.de complex motion (vibration and bending) was harvested from the encapsulated energy harvesting device within a soft tube, whose two caps were simply fixed on the AICD lead. It is clear from Figure 1B that the voltage output generated from the overall motion of the energy harvesting device was in general significantly larger than the contribution from vibration effect. This result suggests that the bending motion of piezoelectric buckled beams contributes to the overall electrical output of the energy harvesting device.
Given that the clinical studies found a displacement of 4.61 ± 0.65 mm of the pacemaker lead distal tip during the cardiac cycle (see Experimental Section, Figure 6A ), three different displacements of 3.43, 6.36, and 9.35 mm were performed as the mechanical input under an excitation frequency of 1 Hz. The experiments were carried on under a simple connection condition. A schematic of testing conditions of the shaker and the corresponding results of the open circuit voltage are shown in Figure 2A ,B, respectively. The maximum open circuit voltage output (peak to peak) for the energy harvester was found 0.65 V under the shaker input of 9.35 mm displacement at 1 Hz.
In practice, implantation techniques and anchor methods (actively or passively attached to the interior heart wall) have significant impact on the orientation of anchor for cardiac pacemaker or AICD leads. Therefore, evaluations of the energy harvester performance due to the anchor effect were performed. Here the anchor angles were defined as the angles between the longitudinal direction of the AICD lead and the direction along the lead at the anchor. Due to the clinical anchor angle of 69.4° during the cardiac motion ( Figure 6A ), three different anchor angles (70°, 80°, and 90°) were examined under the same load displacement of 6.36 mm at 1 Hz ( Figure 2C ). As can be observed in Figure 2D that the 80° anchoring angle produced larger voltage than those at 70° and 90° cases. While a complete explanation for the anchor effect on the various of the motion of AICD lead in vivo is outside the scope of this work, the results in Figure 2 illustrate that both lead distal tip displacement and the anchor orientation of the pacemaker or AICD lead on the heart can further affect the overall performance (i.e., electrical outputs) of the energy harvester.
The practical environment is much more complex for cardiac energy harvesting applications where there is timedependent, varying heartbeat frequencies. Therefore, a study of the heartbeat effect on the electrical outputs of the energy harvesting device has been performed. The input frequencies were sweeping from 0.5 to 2 Hz, corresponding to the heartbeat of 30 beats per minute (bpm) to 120 bpm. www.advmattechnol.de the electrical output in Figure 3A ,B showed that both voltage and current increase with the increasing of the input frequencies at the same displacement input of 6.36 mm. This can be explained by the fact that the overall kinetic and bending energy from the AICD lead increased with the increasing of mechanical input frequencies, which in turn enhanced the generated electrical energy through the increase of both voltage and current output.
Normally, the pacemaker and AICD leads run a long course through the veins into the heart tissue. It was found that the patient body's natural healing process forms scar tissues at multiple sites along the lead and at distal tip. Those scar tissues create strong attachments to the wall of a blood vessel or a heart chamber. [27] To address this effect, an additional characterization of the energy harvester performance under various mechanical inputs with boundary conditions in vitro has been tested. Compared with the simple connection as discussed above, a boundary condition of one fixed end was applied on the energy harvesting device (Movie S3, Supporting Information), given an assumption of a potential scar fixed to the vasculature. On the other hand, when considering the effect of blood flow on the energy harvesting device, the overall performance of the energy harvester was evaluated by subjecting to a mechanical input of a pressure (about 0.02 MPa). The results of both voltage and current outputs generated from the energy harvester under the three different test conditions (simple connection, one fixed end, and a pressure) are compared in Figure 3C ,D, respectively. Under the boundary condition of one fixed end, the open circuit voltage (peak to peak) was 1.1 V and the short circuit current (peak to peak) was 95 nA. By applying a pressure on the energy harvesting device, the peak-to-peak voltage and current were found 4.5 V and 200 nA, respectively. Therefore, the results given in Figure 3C ,D indicated that due to an additional pressure on the energy harvesting device, larger electrical output (both voltage and current) were generated and it attributed to the increased bending motion of the piezoelectric buckled beams. Given a typical pacemaker battery capacity of 1 Ah and a longevity of 10 years, [28, 29] Practical implementation of the energy harvesting device on a pacemaker lead requires a way to encapsulate the device to be isolated from bodily fluids. A simple and effective method to enclose the energy harvesting device is to use a soft tube with its two caps fixed on the AICD lead (see Experimental Section, Figure 6D ). The experimental results showed that this encapsulated soft tube successfully isolated the energy harvesting device from saline water (Movie S3, Supporting Information). According to the results in Figure 4A , a slight decrease of voltage output in saline water was observed under the test condition of one fixed end. Moreover, the cycling stability of the energy harvesting device in saline water was also tested as is shown in Figure 4B . It was found that the corresponding voltage output of energy harvesting device was very stable with no significant degradation over 10 4 cycles test.
The energy harvesting device is always operated across a load resistance. To determine the optimal load resistance where the maximum power can be delivered, the energy harvester was connected with a resistor box (IET LABS RS-201W) in the circuit. Note that the experiments of the external load effect were performed under the test condition of one fixed end. As shown in Figure 5A . the voltage output across the various resistor loads increased with the applied loads while the current decreased. A peak power output of 49 nW was found at an optimal resistor load of 50 MΩ ( Figure 5B ).
To enhance the overall electrical output of energy harvesting device, a coupled mechanical and piezoelectric analysis of the buckled beams will be further conducted in future work to optimize the length, spacing, and electrode area. More harvesting units (beams) can be further used to contribute to more electrical energy conversion. Additional studies suggested for the future work can be performed by coupling the piezoelectric effect with the triboelectric effect, and of interest here is the fact that the pacemaker lead is always deforming the piezoelectric buckled beams. The hybrid energy harvesting mechanism will result in a higher electrical output.
Conclusions
This work presents advances in materials and structural development of flexible and biocompatible piezoelectric energy harvester. A flexible porous PVDF-TrFE thin film with a buckled beam array structure of energy harvesters is developed to harness the motion from the lead of a cardiac pacemaker or defibrillators toward converting into electrical energy. Practical implementation of the device on a pacemaker lead involves many complex parameters. The present work systematically evaluates the proposed energy harvesting performance by considering the vibration effect of the lead, implanted lead anchor orientations, varying heartbeat effect, possible scar tissue along the lead with a fluctuation of blood flow, long-term behavior in saline water environment, and the optimal load for maximum power delivery. The reported results demonstrated the energy harvester's capability to provide significant electrical energy directly from the motions of pacemaker lead, suggesting a guide for the ongoing research efforts in biomedical energy harvesting areas. By using the accumulated energy generated www.advmattechnol.de from the piezoelectric energy harvester, the proposed design could potentially assist battery functions, and ultimately power pacemakers or AICDs. Furthermore, the energy harvesting device developed in this work could provide a more universal power solution to other implantable biomedical devices.
Experimental Section
Clinical Analyses and Test Platform: To characterize the motion of the pacemaker and AICD leads in vivo, an animal surgical protocol was developed and approved by the Institutional Care and Use Committee at The University of Texas (UT) Health San Antonio. This protocol involved the implantation of prototype leads into a large animal model of congestive heart failure, followed by at least 24 h of continuous data collection. A fluoroscopy image ( Figure 6A ) and a video (Movie S4, Supporting Information) of a dog's heart motion with chronically implanted AICD lead were acquired. During the cardiac cycle, the AICD lead moved with the motion of the heart. As shown in Figure 6A , the AICD lead distal tip traveled along the path in the direction of 44.6˚ ± 0.68˚ to the longitudinal direction. During diastolic phase of the cardiac cycle, there was an angle of 69.4˚±1.1˚ between the direction along the AICD lead at the anchor and the longitudinal direction. While during the systolic cycle, an angle of 72.85˚ with a lead distal tip displacement of 4.61 ± 0.65 mm was observed.
By incorporating clinical analyses above and anatomically based parameters, [30] [31] [32] [33] a schematic diagram of AICD lead within cardiovascular system, and a test setup designed to closely approximate the in vivo conditions are shown in Figure 6B ,C, respectively. A 21 cm long soft tube was used to represent the superior vena cava (SVC) given an anatomical distance of 21 cm from the insertion point at the subclavian vein to the tricuspid valve. [30, 32] The inner diameter of the soft tube was 16 mm based on typical values of SVC diameters of 16-20 mm. [30] In the setup, a 75 mm length of right ventricle (RV) was used given the anatomical distance of 71-79 mm from tricuspid valve to the apex of the heart during diastolic cycle. [31] [32] [33] However, the RV shortened to around 50 mm during the systolic phase of the cardiac cycle, and thus imposed a length constraint in order to place the device within the RV. [32] Moreover, a recent study was designed to test the mechanical behavior of pacemaker and defibrillator leads. [34] A limitation of the clinical studies was that the clinical data also depended on the slack of the lead and implantation techniques during the surgeries. Nevertheless, based on the above clinical analyses, a shaker test platform was built to simulate the motion of the heart, and this in vitro experimental method was used to evaluate the energy harvester performance. As it is shown in Figure 6C , the setup consisted of a shaker (2025E from The Modal Shop), an AICD lead (Model 7122Q/52 from St. Jude Medical), and a fixture frame. A 21 cm length of AICD lead within a soft tube was used as the similar SVC environment, and the distal tip of the lead was connected to the shaker to mimic the motion of heart diastole at a target displacement and frequency. This input excitation was provided by a function generator (Keysight 33 500 B) with a power amplifier (2100E21-400 from The Modal Shop). Real-time electrical output of both voltage and current generated by the energy harvester was collected using a data acquisition card (National Instruments, model NI USB-6008) and LabView software. This test platform ( Figure 6C ) was the closest to in vivo conditions.
To test the sealing effect and the overall performance of the energy harvester in a liquid environment, the encapsulated energy harvesting device was immersed into the conductive water (i.e., NaCl solution with the concentration of 0.9%) as shown in Figure 6D . A test of such device in the saline water over 10 4 cycles was performed. The results (Figure 4 ) confirmed that by sealing the device with paraffin film (ParafilmM) and Kapton tape, the entire package effectively isolated the energy harvesting device from the saline water.
Materials and Fabrication Methods:
A schematic of the porous PVDF-TrFE thin film is shown in Figure 7A . This www.advmattechnol.de solution was prepared from polyvinylidenedifluoride-trifluoroethylene powder (molar ratio: 75/25), which was then dissolved in N,N-Dinethylformide solvent for 8 h under magnetic stirring conditions. The first layer was solid PVDF-TrFE film, which was made through consecutive spin coating (1000r min −1 , 30 s) on a 25 µm thick Kapton film with a precoated gold electrode (10 nm thick). Then the cast sold film was evaporated in an oven for 10 min at a temperature of 50 °C. The spin-coating process was repeated to fabricate the second layer of porous PVDF-TrFE thin film directly on the first layer of solid PVDF-TrFE film. By controlling 90% relative humidity at a temperature of 37 °C for 6 h in a chamber, a second layer of porous PVDF-TrFE film was produced. Through this water vapor phase separation method, the PVDF-TrFE film completed phase separation between solvent and nonsolvent, and the pore diameter and porosity were finely controlled. [24] The scanning electron microscope (SEM) crosssectional image of the PVDF-TrFE thin film is shown in Figure 7B , and an average pore diameter of 8 µm was found within the second layer of porous film. After evaporation, a 10 nm gold was sputter coated as the top electrode. To increase the material crystallinity, the annealing process was performed at a temperature of 135 °C for 2 h. Then the sample was electrical poled at 100 °C by applying an electrical field of 80 V µm −1 for an hour.
To make multiple buckled beams using the porous PVDF-TrFE thin film ( Figure 7C ), a grid pattern mask was used to sputter coat the gold electrodes. The passive area (without electrode) of the thin film was then cut off using the scalpel. Figure 7D shows the porous PVDF-TrFE buckled beam arrays (four buckled beams) before wrapping around as tube structure. Through the two fixed baselines (see Figure 7D ) using the Kapton tape, the entire porous PVDF-TrFE thin film was then wrapped around as a tube ( Figure 7E ). Therefore, this finalized energy harvesting device using the flexible porous PVDF-TrFE thin film had 12 buckled beams (3 beams each row by 4 rows) in total.
Finite Element Method (FEM): The cantilever based energy harvesting structure had been widely explored in the literature [35] [36] [37] to target lowfrequency vibrations. However, the bucked beam configuration showed significant advantages in integration, especially for compact energy harvesting application (i.e., the device was designed to be placed in the RV). In the current work, the electrical output was mainly generated due to the bending of the piezoelectric buckled beams through the contact pressing by the AICD lead ( Figure 1A ). For the buckled beam structure, FEM using ABAQUS was performed to study the stress distribution and corresponding deformation of a buckled beam (Movie S5, Supporting Information). In the FEM model, the buckled beam was subjected to a normal contact force. The simulation results given in Figure 8A depict the evolution of nondimensionalized force FL 2 /EI with respect to the normalized vertical displacement d/L, where F is the contact force applied by the lead at the middle point of the beam, d is the displacement at the middle point, L is the total length of the beam, and EI is the beam bending modulus. In Figure 8A , the simulation starts from the deformed shape point A, which corresponds to a compression ratio of 20% of the initially undeformed beam. It was clear that the normalized force increases with the larger deformation, indicating an increasing of axial-strain mapping from point A to point C ( Figure 8A ).
As discussed in the literature, [38, 39] the voltage output from a piezoelectric buckled beam was proportional to the change of local curvature. In our FEM simulations, the local curvature showed significant changes at different configurations. Moreover, in practice, since the piezoelectric beams had complex motions (bending and vibration), the AICD lead might not always contact and press the buckled beams at middle points. Therefore, FEM simulations were also employed for the cases when the contact forces were applied at various locations of the buckled beams. Simulation results in Figure 8B showed that the closer the applied force was to the middle point (i.e., larger L p /L, where L p is the distance from point of applied force to the one end of the buckled beam), the smaller the contact force was generated at the same beam deformation. Those results suggested that a piezoelectric buckled beam was easier to be triggered to deform at the middle point in order to generate electrical energy.
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